Identification of bacteria causing lower-airway infections is important to determine appropriate antimicrobial therapy. Flexible bronchoscopy with bronchoalveolar lavage (BAL) is used to obtain lower-airway specimens in young children. The first lavage (lavage-1) is typically used for bacterial culture. However, no studies in children have compared the detection of cultivable bacteria from sequential lavages of the same lobe. BAL fluid was collected from two sequential lavages of the same lobe in 79 children enrolled in our prospective studies of chronic cough. The respiratory bacteria Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis, Staphylococcus aureus and Haemophilus parainfluenzae were isolated and identified using standard published methods. H. influenzae was differentiated from Haemophilus haemolyticus using PCR assays. Lower-airway infection was defined as $10 4 c.f.u. ml 21 BAL fluid. We compared cultivable bacteria from lavage-1 with those from the second lavage (lavage-2) using the k statistic. Lower-airway infections by any pathogen were detected in 46 % of first lavages and 39 % of second lavages. Detection was similar in both lavages for all pathogens; the k statistic was 0.7-0.8 for all bacteria except H. parainfluenzae. Of all infections detected in either lavage, 90 % were detected in lavage-1 and 78 % in lavage-2. However, culture of lavage-2 identified infections that would have been missed in 8 % of children, including infections by additional Streptococcus pneumoniae serotypes. Our findings support the continued use of lavage-1 for bacterial culture; however, culture of lavage-2 may yield additional identifications of bacterial pathogens in lower-airway infections.
INTRODUCTION
Identification of bacteria causing lower-airway infections is important to determine appropriate antimicrobial therapy. Although sputum is usually collected in adults, it is difficult to collect sputum from young children who are generally unable to expectorate. Therefore, flexible bronchoscopy with bronchoalveolar lavage (BAL) is often used to obtain a lower-airway specimen for culture of microorganisms in young children.
The European Respiratory Society (ERS) Task Force has published recommendations and guidelines for the performance of BAL in children and processing the return fluid (de Blic et al., 2000) . Usually BAL is carried out in the most-affected area, or the right middle lobe in diffuse lung disease (de Blic et al., 2000) . BAL fluid collected during bronchoscopy is typically sequential with two or more lavages performed. The ERS recommends that the first lavage (lavage-1) is used for bacterial culture and any subsequent lavage is used for cytology and non-cellular studies such as immunology-based work (de Blic et al., 2000) . Lavage-1 is considered more reflective of bronchial airways, whereas the second (lavage-2) is reflective of distal airways (bronchioles and alveoli), and cellularity results from the two lavages are different (Van Vyve et al., 1992) . Thus, it is biologically plausible that cultivable bacteria also differ between lavage-1 and lavage-2.
Furthermore, it is feasible that lavage-1 may break up biofilms in the lower airways allowing better recovery of bacteria in lavage-2. Bacterial biofilms have long been linked to persistent infections (Costerton et al., 1999) , and biofilm formation has been demonstrated for Haemophilus influenzae (Cardines et al., 2012; Starner et al., 2006) , Staphylococcus aureus (Molina et al., 2008) and Pseudomonas aeruginosa (Lutz et al., 2012; Murray et al., 2007) from cystic fibrosis (CF) patients. More recently, the presence of biofilm in the airways of children with non-CF bronchiectasis (culture negative for P. aeruginosa) was demonstrated and was detected more frequently in lavage-2 than in lavage-1 .
Several studies have shown that BAL of a single lobe, or even two lobes, is insufficient for assessing lower-airway infection in patients with CF (Gilchrist et al., 2011; Gutierrez et al., 2001) or protracted bacterial bronchitis (PBB) (Narang et al., 2014) . However, to date there are no paediatric studies, to the best of our knowledge, that have compared the detection of cultivable bacteria from sequential lavages of the same lobe. We found only one adult study that compared primary and secondary sampling from the same bronchus, in eight healthy controls; no potentially pathogenic bacteria were cultured from either sample (Rasmussen et al., 2001) . If differences in detection of pathogenic bacteria are found in sequential lavages, this may have clinical and research implications when obtaining BAL specimens.
We cultured BAL fluid from two sequential lavages of the same lobe in 79 children enrolled in our prospective studies of chronic cough to determine whether there were any qualitative or quantitative differences between lavage-1 and lavage-2 in the detection of cultivable respiratory bacteria. We hypothesized that culture of lavage-2 would yield bacteria not detected in lavage-1.
METHODS
Specimens were collected from children enrolled in ongoing prospective studies of chronic cough in the Northern Territory (NT) and Queensland (Qld). Non-CF bronchiectasis was confirmed by recent chest high-resolution computed tomography. PBB was defined as: (i) a wet cough for i4 weeks; (ii) a response to antibiotics (cough resolution within 2 weeks); and (iii) no specific indication of an alternative cause of cough (Wurzel et al., 2014) . The Human Research Ethics Committees of the NT Department of Health and Menzies School of Health Research (HREC 07/63) and Queensland Children's Health Services (HREC 03/17) approved the studies. Written informed consent was obtained from each child's parent or caregiver.
Flexible bronchoscopy (3.8 mm external diameter) was performed transnasally through a face mask with the child under general anaesthesia, as described previously (Chang et al., 2006) . BAL fluid was obtained in accordance with ERS guidelines (de Blic et al., 2000) from the most abnormal-appearing lobe seen on chest highresolution computed tomography or bronchoscopy. Two volumes of sterile, non-bacteriostatic normal saline solution (1 ml kg 21 to a maximum of 10 ml for lavage-1; 2 ml kg 21 to a maximum of 20 ml for lavage-2) were instilled into the abnormal lobe, followed by immediate suctioning into a mucus trap. A 0.5 ml aliquot of BAL fluid from each lavage of the same lobe was transferred to a cryovial containing 0.5 ml concentrated skimmed-milk tryptone glucose glycerol broth (STGGB) to be used for bacterial culture (Hare et al., 2010) . Specimens were kept cool and transferred within 2 h to the laboratory, where they were stored at 280 uC.
Qld specimens (frozen in STGGB) were transported on dry ice to our Darwin laboratory without thawing. Specimens from both NT and Qld were thawed and processed in batches. Both BAL specimens were cultured from several batches as a convenience sample. The same culture and identification methods were used for both BAL specimens, as reported previously (Hare et al., 2010) . The main bacteria associated with lower-airway infection in children with non-CF bronchiectasis (Hare et al., 2010) and PBB (Wurzel et al., 2014) (Streptococcus pneumoniae, H. influenzae and Moraxella catarrhalis) were isolated and identified, including up to four isolates each of Streptococcus pneumoniae and H. influenzae from each positive specimen. Streptococcus pneumoniae isolates were serotyped using antisera from Statens Serum Institute (Denmark). Nontypable H. influenzae (NTHi) isolates were confirmed using hpd (Binks et al., 2012) or fucP (Price et al., 2015) PCR assays that differentiate NTHi from Haemophilus haemolyticus. Staphylococcus aureus, important in CF bronchiectasis (Wong et al., 2013) , and H. parainfluenzae, occasionally implicated as a lower-airway pathogen (Eastham et al., 2004) , were also isolated and identified by a positive coagulase test and the requirement for NAD growth factor, respectively. Growth of any Pseudomonas spp., b-haemolytic streptococci and non-pneumococcal a-haemolytic streptococci (AHS) was also recorded. Lower-airway infection was defined as i10 4 c.f.u. ml 21 BAL fluid.
Stata version 13.1 (College Station, TX, USA) was used for all analyses. Risk differences were estimated from 2|2 tables with confidence intervals calculated by the exact binomial method. McNemar's test with exact probability was used to assess concordance between lavages. The k statistic was used to assess dichotomous agreement for lower-airway infection-positive (i10 4 c.f.u. ml
21
) and -negative (v10 4 c.f.u. ml 21 ) specimens, and for categorical agreement for bacterial density using semi-quantitative growth scores (0-7).
RESULTS
Of the 79 children, 38 were from NT (median age 2.0, range 0.6-10.0 years) and 41 from Qld (median age 4.1, range 0.8-13.7 years). Children were diagnosed with non-CF bronchiectasis (NT 87 %, Qld 27 %), PBB (Qld 39 %) or other respiratory conditions such as stridor or airway abnormalities (NT 13 %, Qld 34 %); 92 % of NT children and 10 % of Qld children were Indigenous. Most children had received more than two doses of a pneumococcal conjugate vaccine: 7-valent (53 %), 10-valent (23 %) or 13-valent (PCV13, 14 %). Antibiotics given in the 2 weeks preceding bronchoscopy included b-lactams (four NT and three Qld children) and macrolides (24 NT and three Qld children).
Detection of lower-airway infections in sequential BALs from the same lobe was similar for Streptococcus pneumoniae, H. influenzae, M. catarrhalis and Staphylococcus aureus; these pathogens were detected more frequently in children with PBB and non-CF bronchiectasis than in children with other diagnoses (Table 1) . Streptococcus pneumoniae (23 %), H. influenzae (29 %), H. parainfluenzae (5 %) and AHS (48 %) were detected more frequently at i10 4 c.f.u. ml 21 in lavage-1, and M. catarrhalis (6 %) and Staphylococcus aureus (6 %) were detected more frequently at i10 4 c.f.u. ml 21 in lavage-2. However, none of these differences was statistically significant. Of 23 lavage-1 specimens with phenotypic NTHi infection detected by culture, 22 (96 %) had isolates confirmed as H. influenzae using either hpd or fucP PCR; seven (30 %) also had H. parainfluenzae (two at i10 4 c.f.u. ml 21 , both with confirmed H. influenzae at i10 4 c.f.u. ml 21 ), nine (39 %) had H. haemolyticus and four had isolates of all three species detected. Of 17 lavage-2 specimens with phenotypic NTHi infection, 15 (88 %) had isolates confirmed as H. influenzae using hpd or fucP PCR; three (18 %) also had H. parainfluenzae (none at i10 4 c.f.u. ml
21
), three (18 %) had H. haemolyticus and two had isolates of all three species detected. As Pseudomonas spp. and b-haemolytic streptococci were not detected in any sample at i10 4 c.f.u. ml
, these bacteria were not included in further analyses.
Despite similar recovery of respiratory pathogens in sequential lavages, lower-airway infections would have been missed in six (8 %) children if lavage-1 only was cultured; four (5 %) of these children had no other infection detected. Streptococcus pneumoniae infection would have been missed in one child, Streptococcus pneumoniae and H. influenzae (PCR confirmed) infections in one child, M. catarrhalis in two children and Staphylococcus aureus in two children (Table 2) . In all cases, the pathogen(s) was detected in lavage-1, but at v10 4 c.f.u. ml 21 BAL fluid. However, there were no significant differences between paired specimens for any pathogen (Table 2) . Of all infections by any pathogen (AHS excluded) detected in either lavage, 90 % (36/40) were detected in lavage-1 and 78 % (31/40) were detected in lavage-2 (Table 2 ).
Dichotomous and categorical agreements for bacteria recovered from lavage-1 and lavage-2 are shown in Table 3 . Dichotomous agreement was i90 %, and the k statistic was between 0.7 and 0.8, for all pathogens except H. parainfluenzae. Categorical agreement for bacterial density (semi-quantitative growth scores from all specimens, including those with no growth or growth v10 4 c.f.u. ml 21 BAL fluid) was 70-90 % for Streptococcus pneumoniae, M. catarrhalis and Staphylococcus aureus, and 60-70 % for H. influenzae and H. parainfluenzae (Table 3) . Both dichotomous and categorical agreements were lower for AHS than for the respiratory pathogens. The k statistics showed highly significant agreement (P 5 0.0000) between lavage-1 and lavage-2 for all bacteria except H. parainfluenzae (no P value for dichotomous agreement; P 5 0.0014 for categorical agreement). Median density and the interquartile range for positive specimens (growth scores 1-7) are also shown in Table 3 . Mean growth scores for all lavage-1 and lavage-2 specimens are shown separately for children with PBB, non-CF bronchiectasis and other diagnoses in Fig. 1 . Although mean growth scores are not normally distributed, by including negative results (score 5 0) they give an indication of 'average' bacterial density in a group of patients.
Streptococcus pneumoniae strain concordance between lavage-1 and lavage-2 was determined on the basis of serotype (Table 4) . When Streptococcus pneumoniae was cultured at i10 4 c.f.u. ml 21 from both lavages, the same serotype was identified (n514, 100 % concordance). Serotype 19A infection was identified the most frequently, in five children (none was PCV13 vaccinated). Streptococcus pneumoniae lower-airway infection was detected in lavage-1 but not lavage-2 in four children (serotypes 15A, 15B, 16F and 23F), and in lavage-2 but not lavage-1 in two children (serotypes 11A and 15B/C). Whenever Streptococcus pneumoniae was cultured from both lavages at any density, the same serotype was identified (n523, 100 % concordance; Table 4 ). 
DISCUSSION
In our comparison of sequential lavages from the same lobe in children with chronic cough we found that, in general, culture of lavage-1 detected lower-airway bacterial infections more frequently than lavage-2. However, we also found that culturing only lavage-1 would have failed to detect lower-airway infections in 8 % of children. When Streptococcus pneumoniae infection was identified in both lavage specimens, serotype concordance was 100 %, providing additional evidence of similarity between the two samples. However, in four children, Streptococcus pneumoniae infection was detected in lavage-1 but not lavage-2, and in two children, it was detected in lavage-2 but not lavage-1.
Streptococcus pneumoniae and H. influenzae were the predominant pathogens detected. These are the main respiratory pathogens, together with M. catarrhalis, in children with non-CF bronchiectasis (Hare et al., 2010) , PBB (Wurzel et al., 2014) and acute non-responsive or recurrent community-acquired pneumonia (De Schutter et al., 2011) . PBB is considered a precursor to bronchiectasis in some settings (Chang et al., 2008) , and pneumonia is also a major risk factor, particularly when it is severe or recurrent (Valery et al., 2004) . The relatively low detection of M. catarrhalis in children with non-CF bronchiectasis was probably due to the frequent use of macrolide antibiotics in NT children (63 %). We found previously that recent 
*Positive specimens only (growth scores 1-7); IQR, interquartile range. macrolide use was associated with reduced lower-airway infection by M. catarrhalis (Hare et al., 2012b) .
Of the bacterial pathogens isolated, categorical agreement for bacterial density was lowest for H. influenzae and H. parainfluenzae. This may be due to these species being difficult to differentiate on primary culture, when growth scores are recorded. This problem is compounded by the frequent isolation of H. haemolyticus from the BAL fluid of children with non-CF bronchiectasis, as this species cannot be differentiated from NTHi on primary culture (Hare et al., 2012a) . We used specific PCR to confirm H. influenzae isolates in a majority of lavage-1 and lavage-2 specimens with phenotypic NTHi at i10 4 c.f.u. ml
21
. However, quantitative PCR of BAL fluid is required for better estimation of bacterial load attributable to different Haemophilus spp. in the lower airways, particularly as two or even all three species may be isolated from the same specimen. Previously, we found that, of 29 BAL specimens with phenotypic NTHi detected by culture at i10 4 c.f.u. ml
, 27 (93 %) had H. influenzae lower-airway infection confirmed by quantitative PCR (Hare et al., 2013) .
These culture results contrast with detection of biofilm in sequentially collected specimens. Biofilm was detected more often in lavage-2 (7/8) than in lavage-1 (3/8) from children with non-CF bronchiectasis . Bacteria in biofilm are difficult to recover using culture-based methods (Hall-Stoodley et al., 2006) , and so culture results cannot be directly compared with biofilm detection. In the study by Marsh et al. (2015) , four out of eight children had lower-airway infection (i10 4 c.f.u. ml
) identified by culture of lavage-1; three of these children had biofilm detected in lavage-1 and all four had biofilm detected in lavage-2. Similarly, data from an otitis media animal model showed increased detection of biofilm following multiple sequential middle ear lavages (Leroy et al., 2007) . Only planktonic bacteria were observed in the first lavage, while subsequent samplings of the same infected ear revealed the existence of bacteria encased in biofilm in addition to the planktonic phase (Leroy et al., 2007) . Our results support these latter findings in that most cultivable (planktonic) bacteria were recovered in lavage-1, but substantial numbers were also recovered in lavage-2.
AHS were recovered from a high proportion of first and second lavages, from children with PBB, non-CF bronchiectasis and other respiratory conditions. AHS are common colonizers of the throat, and thus their detection in BAL fluid may be an indication of contamination during the bronchoscopy procedure. However, AHS were frequently recovered in large numbers (i10 4 c.f.u. ml 21 ), suggesting colonization of the lower airways rather than contamination. The healthy lung is no longer considered to be sterile, with evidence suggesting it may harbour its own unique microbiome (Bassis et al., 2015; Charlson et al., 2011) . Bacterial communities from the healthy lung largely reflect upper respiratory tract (URT) organisms, in particular from the oral rather than the nasal cavity, with Streptococcus being among the prominent genera (Bassis et al., 2015; Charlson et al., 2011) .
In one study of the healthy lung microbiota, two BAL returns were collected from the same lobe, with more bacterial DNA detected in the first return; the authors suggested that this may be due to URT carryover (Charlson et al., 2011) . A culture-based study in healthy adults supports this finding, as the bronchial fraction had a greater diversity and higher concentrations of normal respiratory flora than the alveolar fraction (Rasmussen et al., 2001) . In a second microbiome study, sequential BAL specimens were obtained from two lobes, with no significant difference in bacterial community composition, and the authors concluded that sampling of the lungs by bronchoscopy was not confounded by oral microbiome contamination (Bassis et al., 2015) . In our study, generally more bacteria were recovered from the first lavage when measured by proportions with lower-airway infection or mean growth scores. However, it is unclear whether this was due to URT carryover, to more lower-airway planktonic bacteria being recovered in the first return, or both.
We found high Streptococcus pneumoniae serotype concordance between lavage-1 and lavage-2 at high bacterial densities indicative of infection, and also at lower densities presumed to be URT contamination. This raises the question of the appropriate cut-off for signalling clinically important infections, as it seems unlikely that the same level of URT contamination would be detected in lavage-2 as in lavage-1. We used a cut-off of i10 4 c.f.u. ml
, as in our previous studies (Hare et al., 2010; Wurzel et al., 2014) and a study of lower-airway infections in children with communityacquired pneumonia (De Schutter et al., 2011) . However, others have used different cut-offs, e.g. i10 3 c.f.u. ml 21 in some adult studies (Angrill et al., 2002; Loens et al., 2009) and i10 5 c.f.u. ml 21 for infants with CF (Armstrong et al., 1996) . Using different cut-offs would alter some of our results, and this highlights the need for studies that determine the appropriate threshold to define lower-airway infection in children. We have planned such a study comparing bacterial density of the three main respiratory pathogens by culture with quantitative PCR and in-depth measures of airway inflammation. However, until further data are available, our current study shows that, regardless of the clinical threshold applied, improved recovery of respiratory pathogens present in the lungs at high bacterial load is achieved by culture of both lavage-1 and lavage-2.
In conclusion, we found that cultivable bacteria recovered from two sequential lavages of a single lobe in children with chronic cough were similar in qualitative and quantitative terms. These findings support the continued use of lavage-1 for bacterial culture. However, culture of lavage-2 may yield additional identification of bacterial pathogens in lower-airway infections. This may be important in situations where detailed knowledge of the bacteria present and/or microbial sensitivities is critical to treatment, such as when BAL is undertaken in children with primary or secondary immune deficiencies (Pizzutto et al., 2014) . Knowledge of bacterial strains (e.g. pneumococcal serotypes) may also be crucial for vaccine studies involving the lower airways (O'Grady et al., 2010) . Our findings on lower-airway bacteriology in sequential lavages may be applicable to children with recurrent pneumonia (De Schutter et al., 2011) . Implications for the management of acute pneumonia are limited, as, in the current era, BAL is rarely undertaken in children with acute pneumonia outside of the intensive care setting where children are mechanically ventilated. Larger studies in children, particularly those with immunodeficiency, are required to confirm our findings and establish appropriate diagnostic thresholds for lower-airway infection in children with chronic cough.
